It is widely known that industrialized building systems can positively impact construction projects in terms of efficiency, duration, safety, and quality. Although the use of industrialized building systems can potentially simplify the production process on-site, the complexity of the overall delivery system tends to be high, especially in engineered-to-order (ETO) environments, due to factors such as uncertainty related to goals and methods, conflicts between different trades on-site, and interdependence between supply chain members. This paper explores the concept of modularity, which has proven to be useful in different industries as a way of dealing with complex systems. The aim of this paper is to illustrate how modularity can reduce the complexity of ETO industrialized building systems, in companies that adopt a mass customization strategy. This investigation is based on two descriptive case studies on the development of modular structural steel systems for buildings that have adopted innovative beam-to-column connections. The main contribution of this research is demonstrating the need to adopt an integrated product and process-oriented conceptualization of modularity in industrialized building systems. Moreover, the comparison between the two case studies pointed out that the management of tolerances plays a key role in achieving high productivity and short lead times in structural steel building systems. This investigation also illustrates how the adoption of a limited set of modular components can be used to decouple design decisions, and standardize different types of processes.
Introduction
Potential benefits of industrialized building systems in comparison to on-site stick-built systems include: increase in productivity [1] , improvement in working conditions [2] , better quality [3] , reduction of construction waste [4] , and higher sustainability performance [5] .
Industrialization in construction is all too often viewed as using off-the-shelf mass-produced components that are fabricated off-site. Nevertheless, this term has evolved in the last few decades to support a broader view, including a range of technical and organizational innovations, as well as the supply chain and information-related aspects [6] . This change in the conceptualization of industrialization in construction is particularly important in engineered-to-order (ETO) production systems, in which a unique product must fulfill the requirements of specific clients [7] . In the delivery production system needs to be designed considering the potential benefits from modularization. Voordijk et al. [26] pointed out the importance of analyzing modularity in the construction industry from three perspectives: (i) product; (ii) process; and (iii) supply chain, based on a conceptualization proposed by Fine [27] . The aim of this paper is to illustrate how modularity can reduce the complexity of ETO industrialized building systems, specifically structural steel systems for building construction. The paper describes core operations management concepts and principles associated with the idea of modularity, including the elimination of non-value-adding activities (waste), standardization, batch size reduction, use of a platform architecture, tolerance management, and integration of production flow in the supply chain. It is based on two case studies on the development of modular structural steel systems that have adopted innovative beam-to-column connections.
Role of Modularity in the Management of Complex Systems
Modularity is a manifestation of the universal principle of economy in nature, which makes it possible to obtain diversity and variability by combining a set of basic elements [28] . However, there is a lack of consensus on the conceptualization of product modularity in the literature [21] . Different perspectives, languages, and definitions are discussed, from different fields of knowledge, such as engineering management, management science, and operations management [29] . Gershenson et al. [21] conclude there is neither a clear measure of product modularity nor a widely adopted systematic method to help designers to increase the degree of product modularity.
Based on Suh's [30] independence axioms, the modularity concept is often reduced to the relationship between functional and physical elements [31] . Functional elements refer to the individual operations and transformations that contribute to the overall performance achieved by the product, while physical elements are the parts that implement those functions [31] . This means that functional elements are enabled by a set of different physical elements, and physical elements are organized in blocks (product modules) that implement product functions. The organization of functional elements into physical modules and the way these modules interact is defined by the so-called architecture of the product. A product architecture is said to be more modular the fewer functions are implemented in each module, as well as the better defined the interaction is between them [20, 31] . That is, achieving independence is the core intent in modular design. The opposite of a modular architecture is an integral architecture, where a complex relationship exists between functional and physical components, and the interfaces between them are coupled [32] .
Gershenson et al. [21] bring a different perspective in the notion of modularity, observing that most of the applications of Suh's [30] independence axioms appear to have been for small sized problems. Chen et al. [33] found that, when designing a complex system, it becomes very difficult to track the application of those axioms.
Different definitions of complexity have in common the idea that complex systems have emergent behavior from interactions between parts of the system, which makes central control ineffective [34] . Emergence means that even when it is possible to understand the behavior of each component of the system, the collective behavior is hard to predict. In fact, Crichton [35] suggests that the interdependence between parts is also a source of uncertainty, since it makes it difficult to understand the impact of a single change in the whole project. Baldwin and Clark [20] identified three concepts related to modularity that provide some support in the management of complexity: (i) abstraction; (ii) information hiding; and (iii) interface. They suggest that modularization makes it possible to isolate a very complex part from the others: this complex part can be thought at a different level of abstraction, hiding some of its information while using a simple interface to the remaining parts.
Moreover, Gesherson et al. [36] suggest that designers should consider the life-cycle processes that components undergo, when dealing with a complex system, so that the benefits of modularity can be fully achieved [36] . Therefore, modularity can be applied for both products and processes, and a product should be designed considering the following three facets of modularity [36] :
• Attribute Independence: Considering that component attributes depend less on the attributes of other modules, it is possible to re-design a module, with minimal effects on the rest of the product.
•
Process Independence: The processes that involve the components of a module, in different life-cycle stages, depend less on the processes of external components. This makes it possible to re-design a module in isolation if a process must change.
Process Similarity: Components and subassemblies that undergo the same or compatible life-cycle processes are combined in the same module. This minimizes the number of external components that undergo the same processes, and creates an even stronger differentiation between modules.
Fine et al. [37] offered yet another view by arguing that, like products, supply chains also have an architectural structure, ranging from integral to modular. An integral supply chain is one in which its members are in close proximity with each other, with proximity measured along the four dimensions of: (i) geography; (ii) organization; (iii) culture; or (iv) electronic connectivity. By contrast, a modular supply chain is one in which the members are highly dispersed geographically and culturally, and have few close organizational ties and only modest electronic connectivity [37] .
Modularity in the Construction Industry
The three different perspectives of the modularity concept-product, process, and supply chain-are useful for discussing key differences between construction and manufacturing. From the product perspective, a difference between those two industrial contexts is related to how components are packed together. Most manufacturing products are simply divided into components, which have a central role in the definition of the product architecture, i.e., components are needed to perform specific functions and these functions contribute to the function of the product at the highest level. By contrast, only focusing on components is not appropriate for the construction industry, because buildings need to be considered as a mix of components and spatial voids [38] , similarly to a few products in other industries, such as cars, ships and planes. In fact, the main function of a building, at the highest level, is not provided by components but by spatial voids for people.
From the process perspective, the notion of modules as mechanically stable sub-assemblies [29] is another underlying notion of modularity that is not completely applicable to buildings. In manufacturing, suppliers are able to deliver complex modules that require only simple assembly by the main manufacturer [39] . However, in most construction projects it is difficult to use this type of modules exclusively. Although mechanically stable modules can be applied in some highly industrialized projects (e.g., elevators and air conditioning systems), much construction work is still performed on-site, using traditional technologies, especially in phases such as excavation and foundation construction. In addition, the finishing phases are often postponed and completed on-site just prior to project turn-over, in order to avoid damage to the finished product, which may be caused by the production activities taking place inside the building. The need for on-site work is related to the unique character and immobility of buildings [40] .
Finally, the unique and temporary nature of construction projects (akin to new product development in manufacturing) is another difficulty to the design and production of modules as stable sub-assemblies. Construction project supply chains are essentially temporary multi-organizations that are set up with the specific purpose of delivering a construction project. Such supply chains are established at the start of the project, develop, and finally disband as the end of it [41] . In contrast with manufacturing, suppliers have few opportunities or incentives to design and produce modules for a large number of projects. Due to building projects one-off nature, the modules developed for one project are unlikely to be suitable for other projects [42] .
Modularity and Prefabricated Building Systems
Ethiraj and Levinthal [43] suggest that the benefits of modularity can be increased if other concepts related to industrialized construction are adopted, such as standardization and the use of platforms [6] . Standardization is concerned with the extensive and repetitive use of a solution that deals with recurring problems [31] , being applicable to both product and process modularity. A platform (or chassis), in turn, refers to a common set of components, modules, or parts in order to provide derivative products [44] . Accordingly, buildings can be configured with components and parts from a platform into unique products, so that benefits are gained when the components of the platform are used to produce a variety of products with a common technological content [6] . Bonev et al. [45] also emphasize the importance of the use of platforms as a competitive advantage in the building industry, noting that several projects can share common platforms.
Another key concept in mass customization is the customer order decoupling point, i.e., the point in which the client order is placed in the supply chain, separating activities (downstream for that point) that are demand driven from activities (upstream for that point) that are forecast driven [46] . In manufacturing, this point separates activities of the supply chain that are pushed (forecast-driven) from those that are pulled (customer-driven).
In ETO, prefabricated building systems, the order penetration point is at the design stage. However, both the design and the production of prefabricated components should be pulled from site assembly [47] in order to keep a low level of work-in-progress, as well as to consider demand variability that typically arises during on-site assembly [13] . In fact, in some fast and complex projects, design changes are often demanded by clients and designers after production has already started [2] . In that context, Hopp and Spearman's [48] definition of pull production, i.e., the release work based on system status rather than schedule driven, applies.
Modularization is also strongly related to the core operations management principle of reducing the batch size, which can be related to product modularity (e.g., a single sub-assembly) or process modularity (e.g., a small number of processes that are necessary for installing a set of components). Batch size reduction has a positive impact in controlling the level of work-in-progress, reducing lead time, and early detection of deviations [49] .
Research Method
Case study was the research strategy adopted in this investigation. It is preferred over other strategies when "how" and "why" research questions are being posed, when the researcher has little control over events, and when the focus is on a contemporary phenomenon within some real-life context [50] . The researchers conducted two descriptive case studies on the development of innovative structural steel systems, specifically involving beam-to-column connections, that have explored the concept of modularity.
The first case study refers to an early effort to develop a modular connection for structural steel systems involving beams that would "slide into place" during steel erection. This connection was developed at the Advanced Technology for Large Structural Systems (ATLSS) Centre at Lehigh University, USA. The authors chose this case because it had challenged the prevailing practice of steel erection and aimed to bring more automation into the construction process. There was a slight relationship between the two cases, although not affecting directly product development. According to ConXtech vice president, the firsts structural analyses of their system were carried out at the ATLSS Center.
The second case study refers to a beam-to-column connection system developed by Robert Simmons, who commercialized his invention by founding the ConXtech Inc (Pleasanton, California, USA). In fact, this innovation started with the development of the connection, and evolved into a commercial strategy for delivering customized structural steel systems. The authors chose this case because it too challenged the prevailing practice of steel erection. A Construction Industry Institute (CII) report [51] presented it as a benchmark for efficiency, speed, quality, and safety in the delivery of steel structures.
The researchers used multiple sources of evidence to document each case with the aim of increasing data reliability. In the first case study, as the system had been developed in the 1990s, the sources of evidence were: (i) secondary data obtained from research reports; and (ii) a semi-structured interview with a former research team member. In the second case study, sources of evidence were: (i) document analysis; (ii) secondary data obtained from published articles; (iii) three face-to-face semi-structured interviews with managers of the company; and (iv) three visits to the manufacturing plant. Table 1 presents the sources of evidence and the aim served by each. 
Case Study Source of Evidence Aim

ATLSS
Research reports [18, [52] [53] [54] [55] .
To get an overall understanding of the development of the solution.
Semi-structured interview with a professor in the Leigh University, who used to manage the ATLLS Center.
To get additional details about the innovation and its development, and to understand the relationship with ConXtech's innovation.
ConXtech Inc.
Document analysis (operations instructions, scheduling documents).
To understand the assembly process, and get data for the duration of production activities, testing, and waiting.
Published articles [56, 57] .
To analyse cost using secondary data.
Three semi-structured interviews with the president, vice-president, and the production manager of the company.
To understand how they managed production, and the challenges faced in delivering their projects.
Three visits to the fabrication plant.
To observe first-hand the production process and to collect data about the amount of material stored on-site.
The researchers carried out these two case studies over a period of four months in 2014. At the end of this investigation, they compared the two innovations by focusing especially on the different types of modularity adopted.
Beam-to-Column Connection Cases
The components of the structural steel systems investigated in both case studies are columns, beams, and connections Adopting the perspective of product modularity, the steel structure of a building may be thought of, not as an integral design, but as a beam-to-column connection comprising a column module and a beam module. Depending on the design requirements, fabrication technologies, logistics constraints (such as the truck size) and on-site considerations, buildings often have beams and columns of variable shapes and dimensions.
Adopting another perspective, considering the requirements of the assembly process, spatial voids can be considered as modules, as suggested by Rocha et al. [38] , i.e., a set of connections, columns, and beams that define a segment of the steel structure. Once a segment has been completed, other construction activities can take place, such as floor slab placement, installation of cladding, roofing, and erection of internal partitions. The size of the space modules depends on the batch sizes that are defined at the manufacturing plant, logistics stations, and site. When the project lead time is short, and uncertainty in the assembly process is high, there is usually a demand to work in small batches [58] . Therefore, process modularity, as described by Gesherson et al. [36] , is important in the delivery of steel structures.
Beam-to-column connections must provide the necessary physical and performance characteristics for the structural steel system. Beams and columns are typically connected through drilled flanges, welded on the columns and bolted on the beams in place. The process of connecting beams to erected columns is a critical and dangerous part of the assembly process since it requires a crew for aligning beams in the correct position, while being exposed to the risk of movement or fall of those elements.
Using the conceptualization proposed by Ulrich [59] , steel structures are considered more modular when they comprise a more standard set of components and a more standard interface between those components. This can be achieved in the design of the structural system, or by defining production or assembly batches that are repetitive.
Case Study 1: ATLSS
The focus of the ATLSS center was on automated construction [55] . The idea was to facilitate the way structures were erected on site, by developing a new type of connection and automating assembly operations. The aim of the ATLSS Integrated Building Systems (AIBS) project was to develop structural systems that had low overall construction costs and, at the same time, were easy to erect and effective in resisting gravity and lateral loads [18, 54] . An important goal of the AIBS research project was to achieve a safer construction environment, avoiding workers to position themselves at heights on limited solid footing and to deal with hanging steel components that weigh many times more than they do [52] . Therefore, the conception of this structural system also included the development of an automated robotic crane capable of assembling structures on site [52] . This crane was based on a Stewart platform, which consists of two platforms connected by a series of six individually controlled linkages [55] .
In Figure 1 , the ATLSS connection has a cone shaped protrusion, foot or tenon and a cone shaped basket, boot or mortise [18] . The size of the connections took into account the strength needed and ease of manufacture. The mortise guide was shop-welded to the column, while the tenon piece was bolted to the beam web by means of framing plates [52] . The tolerances considered in the design of the connections were based on normal assembly deviations deemed acceptable on construction sites [18] . Therefore, any shape of steel beam or column readily available in the market could be used. 
In Figure 1 , the ATLSS connection has a cone shaped protrusion, foot or tenon and a cone shaped basket, boot or mortise [18] . The size of the connections took into account the strength needed and ease of manufacture. The mortise guide was shop-welded to the column, while the tenon piece was bolted to the beam web by means of framing plates [52] . The tolerances considered in the design of the connections were based on normal assembly deviations deemed acceptable on construction sites [18] . Therefore, any shape of steel beam or column readily available in the market could be used. Fleischman et al. [54] describe the features that were required when designing the ATLSS beamto-column connection ( Figure 1 ):
Self-alignment: The connection must be able to guide the beam toward the proper location once the male and female pieces make contact. Furthermore, the male piece cannot jam or catch on the female guide, nor can it pull out horizontally once it engages. (ii)
Tolerances: The connection has no chance of succeeding if the male piece cannot enter the female guide. The connection must therefore have tolerances that allow some degree of misalignment or out-of-plumbness. (iii) Adjustment: The connection must have the ability to be adjusted easily, as it is unlikely that the connection will be placed precisely in the correct position after erection, due to the tolerances which must be built in. (iv) Strength and Stability: The connection must be strong enough to carry the erection loads, and it must be stable enough to allow erection of the structure to continue until the final fastening. As the connection is also a structural component, it must be able to carry the design loads. (v) Modularity: the ultimate goal of this concept is to have a limited assortment of massproduced connections with a standard shop fitting operation and quick, automatic erection capabilities. Fleischman et al. [54] describe the features that were required when designing the ATLSS beam-to-column connection ( Figure 1 ): (i) Self-alignment: The connection must be able to guide the beam toward the proper location once the male and female pieces make contact. Furthermore, the male piece cannot jam or catch on the female guide, nor can it pull out horizontally once it engages. (ii) Tolerances: The connection has no chance of succeeding if the male piece cannot enter the female guide. The connection must therefore have tolerances that allow some degree of misalignment or out-of-plumbness. (iii) Adjustment: The connection must have the ability to be adjusted easily, as it is unlikely that the connection will be placed precisely in the correct position after erection, due to the tolerances which must be built in. (iv) Strength and Stability: The connection must be strong enough to carry the erection loads, and it must be stable enough to allow erection of the structure to continue until the final fastening. As the connection is also a structural component, it must be able to carry the design loads. (v) Modularity: the ultimate goal of this concept is to have a limited assortment of mass-produced connections with a standard shop fitting operation and quick, automatic erection capabilities.
In a later study, changes were made to the structural system in order to make the connection moment-resistant. That upgrade required additional work, namely the installation of flanges after the beam is positioned in the structure [60] . This had a negative impact on the productivity of the assembly process.
The AIBS solution was never licensed by a company, nor was it applied commercially. The lack of commercial success of this structural system may be attributed to: (i) construction companies would have to use an expensive crane; and (ii) the overall efficiency of the assembly process was reduced due to the need for flanges. Nevertheless, the development of the ATLSS connection was a step towards understanding that the construction industry had not been using all the potential of modular structural systems to improve efficiency and safety.
Case Study 2: ConXtech
The motivation for developing the ConXtech system was to devise an efficient and safe method for producing multi-story buildings (up to 12 stories) [57] . The company president mentioned that he wanted to developed an industrialized structural system that was faster and more flexible than precast concrete structures. Assuming that the value of a structural system is not in the shape but in the functionality, all interviewees highlighted that the aim was to devise a highly modular system that could deliver mass-customized steel structures for a wide range of buildings.
The sections of the beams and columns are always of the same type: flange beams and squared columns, also called hollow-structural section (HSS) columns. ConXtech offers three different types of beam-to-column connections: ConXR (Figure 2a) , ConXL (Figure 2b) , and the gravity connection (Figure 2c ). The differences between the ConXL and ConXR connections are the size of the section, and the clearances allowed.
The beam-to-column connections allow the self-alignment of beams using a gravity stabilized joint [57] . In each section, the connection creates a collar to distribute the force from the beam evenly to the perimeter of the column. An important characteristic of this structural system is that it overcomes the requirement for bracing or shear walls: the structural frame becomes a chassis comprised of a finite set of components [61] . This is possible due to the collar formed around the column, increasing the moment-resisting performance of the structure.
While ConXR has a single component welded to the column, which constrains the depth of the beam to the connection height, ConXL fits different heights. The latter connector is divided into two pieces welded to the beam, and another pair to the column, working as a trail to fit different dimensions. There are also gravity connections, used when no moment resistance is needed, e.g., around the perimeter of a building where there is less tributary load.
While ConXR has a single component welded to the column, which constrains the depth of the beam to the connection height, ConXL fits different heights. The latter connector is divided into two pieces welded to the beam, and another pair to the column, working as a trail to fit different dimensions. There are also gravity connections, used when no moment resistance is needed, e.g., around the perimeter of a building where there is less tributary load. A major challenge of using such a precise connection system is the allowable tolerances in the foundations where the columns should be placed. The solution adopted by the company was to A major challenge of using such a precise connection system is the allowable tolerances in the foundations where the columns should be placed. The solution adopted by the company was to decouple the uncertain and inaccurate foundation location, by using a jig to precisely position the anchors at the foundation, as shown in Figure 3 .
Energies 2017, 10, 1622 9 of 17 decouple the uncertain and inaccurate foundation location, by using a jig to precisely position the anchors at the foundation, as shown in Figure 3 . After the anchors are in place, columns are delivered and erected, one by one. Then, the interior of each column is filled with concrete to enhance strength and stability. Once columns are ready, beams are fit in-between them. At this point, the structure becomes stable, and the workers can start bolting. It is worth mentioning that the building is erected at full height in small batches (process modules)-rather than floor by floor, one full floor at a time-so that part of the structure can be released to the follow-on trades. During the erection process, there is no need for field welding. Moreover, the bolting process has a visual aid to avoid variability in the bolt tensioning. It consists of a washer with bumps, with orange silicone embedded in the depressions under the bumps. The worker should tighten the bolt until the calibrated amount of orange silicone appears. Therefore, only visual inspection is required, which reduces rework.
The company is able to offer four different types of solutions: ConXR 100, ConXR 200, ConXL 300, and ConXL 400. The number stands for the dimension of the square column in millimetres. Each system is supplemented with the use of gravity beams, where required. All connections are able to support a building up to 12 stories. The ConXR systems are ideal for 4-8 stories, while the ConXL system for 2-10. According to the company records, the productivity of erection is higher in ConXL systems since it covers larger spans, as shown in Table 2 . After the anchors are in place, columns are delivered and erected, one by one. Then, the interior of each column is filled with concrete to enhance strength and stability. Once columns are ready, beams are fit in-between them. At this point, the structure becomes stable, and the workers can start bolting. It is worth mentioning that the building is erected at full height in small batches (process modules)-rather than floor by floor, one full floor at a time-so that part of the structure can be released to the follow-on trades. During the erection process, there is no need for field welding. Moreover, the bolting process has a visual aid to avoid variability in the bolt tensioning. It consists of a washer with bumps, with orange silicone embedded in the depressions under the bumps. The worker should tighten the bolt until the calibrated amount of orange silicone appears. Therefore, only visual inspection is required, which reduces rework.
The company is able to offer four different types of solutions: ConXR 100, ConXR 200, ConXL 300, and ConXL 400. The number stands for the dimension of the square column in millimetres. Each system is supplemented with the use of gravity beams, where required. All connections are able to support a building up to 12 stories. The ConXR systems are ideal for 4-8 stories, while the ConXL system for 2-10. According to the company records, the productivity of erection is higher in ConXL systems since it covers larger spans, as shown in Table 2 . The use of common shapes and sizes of structural elements was part of the company strategy to get easy supply of raw materials. The angle between columns and beam starts from 90 • and can be increased in 7 • increments horizontally or vertically. Figure 4 illustrates the wide range of different structures that can be built using this system. A modular design enabled the company to create a platform for producing the structural components, with a limited set of options, yet still allowing an unlimited number of design configurations.
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The use of common shapes and sizes of structural elements was part of the company strategy to get easy supply of raw materials. The angle between columns and beam starts from 90° and can be increased in 7° increments horizontally or vertically. Figure 4 illustrates the wide range of different structures that can be built using this system. A modular design enabled the company to create a platform for producing the structural components, with a limited set of options, yet still allowing an unlimited number of design configurations. Different from the ATLSS solution, the strategy adopted by ConXtech was to devise a very specific type of structural system with standardized component types, which establishes a number of design constraints. Those constraints could make ConXtech systems appear inferior in comparisons to some traditional structural systems that are more flexible in terms of dimensions. In order to facilitate the selection and specification of the company products by designers and structural engineers, ConXtech developed a BIM components library of their products that can be used by different BIM applications, such as Revit, ArchiCAD, and Tekla. This library makes it easier to develop designs in conformance with the structural system constraints, enabling designers to test product specification from the early stages of the design process, avoiding clashes and rework. In addition, after extensive testing in their fabrication shop, the ConXtech system was accepted in the AISC Steel Manual and OSHPD [62] . Considering the fragmentation of the construction supply chain, particularly between design and production phases, the development of partnerships with designers that are able to use this solution and with regulatory agencies was considered to be a key strategy.
A major consequence of the modular design, facilitated by the use of BIM, is the reduction of design lead times, and the reduction in rework that otherwise is necessary for turning schematic design into shop drawings to be used in the manufacturing process. Modularity also enables the company to provide timely cost estimates for projects. In an ETO environment, in which the customer demands cost and time estimates at the tender stage of the project [7, 63] , producing accurate estimates at early design represents a significant competitive advantage.
Cost and productivity was compared between the technology from ConXtech and conventional structural steel, and presented in a research report produced by the Construction Industry Institute (CII) [50] , considering the processes shown in Figure 5 . Data from nine different projects from ConXtech were used as evidence. The results indicated that the conventional method required a larger number of production steps: there is a need to make a first alignment, then installing temporarily bracing, to finally make the permanent connection. By contrast, in the ConXtech system the process was less complex, once the top beam is placed, the connection locks the structure into place, enabling worker to make the subsequent bolting quicker. Different from the ATLSS solution, the strategy adopted by ConXtech was to devise a very specific type of structural system with standardized component types, which establishes a number of design constraints. Those constraints could make ConXtech systems appear inferior in comparisons to some traditional structural systems that are more flexible in terms of dimensions. In order to facilitate the selection and specification of the company products by designers and structural engineers, ConXtech developed a BIM components library of their products that can be used by different BIM applications, such as Revit, ArchiCAD, and Tekla. This library makes it easier to develop designs in conformance with the structural system constraints, enabling designers to test product specification from the early stages of the design process, avoiding clashes and rework. In addition, after extensive testing in their fabrication shop, the ConXtech system was accepted in the AISC Steel Manual and OSHPD [62] . Considering the fragmentation of the construction supply chain, particularly between design and production phases, the development of partnerships with designers that are able to use this solution and with regulatory agencies was considered to be a key strategy.
Cost and productivity was compared between the technology from ConXtech and conventional structural steel, and presented in a research report produced by the Construction Industry Institute (CII) [50] , considering the processes shown in Figure 5 . Data from nine different projects from ConXtech were used as evidence. The results indicated that the conventional method required a larger number of production steps: there is a need to make a first alignment, then installing temporarily bracing, to finally make the permanent connection. By contrast, in the ConXtech system the process was less complex, once the top beam is placed, the connection locks the structure into place, enabling worker to make the subsequent bolting quicker. Figure 6 shows the results of the comparative analysis regarding cost and productivity from Goodrum et al. [50] . The unit used to measure productivity was man-hours per tons produced. These data indicate that the productivity of ConXtech's projects is much higher than conventional structural steel erection methods, while the costs are almost the same. This is because the fabrication process of this system is more expensive than the traditional process: the ConXtech system demanded the acquisition of highly precise CNC machines to position connections in the right place. Consequently, there is more control over resources and over the lead time for the assembly process. A major advantage of the ConXtech solution is the short lead time for the company managers, this is one of the key competitive strategies of this company. Figure 7 depicts a typical schedule of a Figure 6 shows the results of the comparative analysis regarding cost and productivity from Goodrum et al. [50] . The unit used to measure productivity was man-hours per tons produced. These data indicate that the productivity of ConXtech's projects is much higher than conventional structural steel erection methods, while the costs are almost the same. This is because the fabrication process of this system is more expensive than the traditional process: the ConXtech system demanded the acquisition of highly precise CNC machines to position connections in the right place. Consequently, there is more control over resources and over the lead time for the assembly process. Figure 6 shows the results of the comparative analysis regarding cost and productivity from Goodrum et al. [50] . The unit used to measure productivity was man-hours per tons produced. These data indicate that the productivity of ConXtech's projects is much higher than conventional structural steel erection methods, while the costs are almost the same. This is because the fabrication process of this system is more expensive than the traditional process: the ConXtech system demanded the acquisition of highly precise CNC machines to position connections in the right place. Consequently, there is more control over resources and over the lead time for the assembly process. A major advantage of the ConXtech solution is the short lead time for the company managers, this is one of the key competitive strategies of this company. Figure 7 depicts a typical schedule of a A major advantage of the ConXtech solution is the short lead time for the company managers, this is one of the key competitive strategies of this company. Figure 7 depicts a typical schedule of a 3-story building of 5.000 m 2 (five thousand square meters). It shows that phases overlap and it highlights the short time spent on site assembly relative to the overall project duration. A short lead time is of value to builders using ETO prefabricated building systems, because it enables the production of components to be pulled by the assembly process. 3-story building of 5.000 m 2 (five thousand square meters). It shows that phases overlap and it highlights the short time spent on site assembly relative to the overall project duration. A short lead time is of value to builders using ETO prefabricated building systems, because it enables the production of components to be pulled by the assembly process. 
Discussion
Although the two case studies showed similarities in terms of the structural components adopted in each respective system, major differences were identified regarding the way modularity was used.
In terms of product modularity, both systems have a beam-to-column connection that fits the concept of component-sharing module, i.e., a common component that can be adapted to different configurations [64] . Beams and columns in both systems can be categorized as cut-to-fit type modularity. These can have a standardized cross-section but the length is adapted to suit the design requirement [64] .
Regarding supply chain modularity, both systems can be considered as modular, as steel beam and column can be produced by different suppliers, dispersed geographically, without necessarily having close organizational ties with the company that delivers steel structures, as suggested by Fine [37] . In fact, due to the type of connection used, beams and columns can be regarded to some extent as commodities, reducing the structural complexity of the system. Two main differences between the two solutions were found: process modularity and the strategy for managing tolerances. Table 3 depicts characteristics of each connection, emphasizing the differences that made the final systems to become so different from one another.
Regarding attribute independence, ATLSS devised one type of connection for the interface of almost any type of beam with any type of column. A variation in the beam height, for example, would not change attributes of the columns, unless in the case of an overload. By contrast, ConXtech devised a system with great dependence among components, as the type and size of the connections were dependent on the beam height. Moreover, a limited set of connections, beams and columns are used, and these are standardized across different projects.
It is worth noting that, in the ATLSS system, it is possible to design the structure with the exact dimensions required. By contrast, in the case of ConXtech, structural component dimensions may sometimes be overestimated to fit available options, due to the limited range of suitable component types, but there are advantages in terms of reducing the lead time to find the best solution. As postulated by Baldwin and Clark [20] , problems are decoupled, facilitating the decision-making process: some dimensions of the structural steel system are previously defined and the design 
It is worth noting that, in the ATLSS system, it is possible to design the structure with the exact dimensions required. By contrast, in the case of ConXtech, structural component dimensions may sometimes be overestimated to fit available options, due to the limited range of suitable component types, but there are advantages in terms of reducing the lead time to find the best solution.
As postulated by Baldwin and Clark [20] , problems are decoupled, facilitating the decision-making process: some dimensions of the structural steel system are previously defined and the design problem is reduced to a matter of adapting a pre-conceived solution. As suggested by Rudberg and Wikner [65] , decoupling design problems is an important example of how modularity deals with complexity in mass customization. Table 3 . Comparison between ATLSS and ConXtech systems.
Characteristic
ATLSS ConXtech
Attribute independence Little dependence among components. Strong dependence among components.
Process independence Absorb process variation by adjusting the steel structure during erection.
Decouple process variation from external processes through control and standardization of interfaces.
Process similarity Little standardization as any type of beam and column can be used. Highly standardized process.
Strength and Stability
Strong enough to carry the erection loads. Additional tasks are required to make the connection moment resistant.
Moment and seismic-resistant.
Tolerances
Connections must have tolerances that allow for alignment (consistent with the structure being erected).
Connection must be precisely positioned in place, using accurate welding machines and mistake-proof systems on the construction site. The bolting process has a visual aid to avoid variability.
Adjustment
Connections must have the ability to be adjusted easily.
No room (no need) for adjustments.
Equipment required for assembly Automated cranes. Ordinary cranes.
In both cases, a high level of process independence existed in the delivery of steel components. Structural components (beams and columns) and connections could be produced separately, even using different suppliers, as mentioned above. Moreover, both systems adopted a connection relying on self-alignment of beams.
However, regarding site assembly, ConXtech developed an effective solution to decouple the erection of the columns and the position of foundations, a jig that works as a template to place the anchors correctly. This reduces structural complexity, avoiding the need to exercise rigorous and expensive control over an uncertain process such as foundation construction. By contrast, the ATLSS system accepted normal deviations in the position of foundations, which affected the precision of the assembly process.
Process similarity was a concept explored only by ConXtech because the range of components adopted was limited, i.e., there was a high degree of repetition in the process modules used across different projects. In fact, ConXtech had exercised much effort for standardizing processes, even the non-physical ones, such as design. By contrast, in the case of ATLSS, production processes are more difficult to standardize, as connections can be attached to distinct types of components, requiring distinct processes. Clearly, ConXtech developed a more robust concept, considering modularity as a process-oriented concept, with the aim of getting the full benefits of modularity, as suggested by Gershenson et al. [21] .
Regarding the management of tolerances, in the conception of the ATLSS solution, tolerances were considered as an inherited property of the structural steel system, i.e., the beam-to-column connection allowed a higher level of tolerance than the structural elements that were connected. Based on this assumption, the connection could be adapted to almost any kind of structural steel system. However, this has compromised strength and stability during the assembly process, and it was necessary to perform additional adjustment tasks. By contrast, ConXtech conceived of a production system with less uncertainty, in which the tolerance problem was tightly controlled, ensuring stability when components are put in place, and also a moment-resistant connection. The ConXtech system does not require adjustments in place, as the process is precisely controlled to avoid problems during the assembly process. A benefit of using this strategy for dealing with tolerances was the reduction in service costs [21] and in the site assembly lead time.
Finally, regarding the equipment necessary for the assembly process, the ATLSS system required a highly automated crane, with the aim of reducing the exposure of workers to the risk of accidents. The high cost of this equipment was one of the main reasons for the lack of commercial interest in this system. By contrast, in the ConXtech system, the same cranes used traditionally for structural steel erection can be used, and the strategy for preventing accidents was to reduce the length of time workers were exposed to risks.
Conclusions
This paper has contributed to the understanding of how modularity can reduce the complexity of ETO industrialized building systems, based on two case studies from companies that devised modular structural steel systems. Although the two systems were somewhat similar in terms of product modularity and supply chain modularity, they were very different regarding process modularity.
The process-oriented conceptualization of modularity, as suggested by Fine et al. [37] , helps to rationalize the success of the ConXtech system. Based on the idea of managing life-cycle processes, proposed by Gershenson et al. [36] , some useful constructs, such as process attributes and process similarities were used to understand a broader meaning of modularity that is applicable to industrialized building systems.
This investigation also explained why it is important to reduce the range of modular components used to devise a solution to the final client, as adopted in the ConXtech case. Besides decoupling key design decisions, that system created a platform solution, which enabled the standardization of different types of processes (including design). Moreover, the company has been able to fulfill the requirements of a wide range of clients, at no additional cost and with a very short lead time, compared to traditional solutions. This is a good example of how modularity can reduce complexity in ETO prefabricated building systems, which is very important in mass customization.
Moreover, the comparison between the two case studies pointed out that the management of tolerances plays a key role regarding reducing the number of steps in the assembly process, as well as rework, having a positive impact in terms of increasing productivity and reducing the lead time in industrialized building systems.
Therefore, five different strategies related to product and process modularity have been used in the ConeXtech system for reducing complexity: (i) decoupling design problems, by using components that have previously defined dimensions; (ii) reducing the number of parts and steps in the assembly process; (iii) decoupling construction problems, such as location of foundation and structural steel erection; (iv) by using a modular supply chain, beams and columns can be regarded to some extent as commodities; and (v) by controlling tolerances tightly, uncertainty was reduced.
Overall, this investigation reinforces the idea that modular solutions enable the adoption of a mass customization in ETO prefabricated building systems, but pointed out that modularity in that context is not limited to product architecture.
Further work is necessary on the application of this broad conceptualization of modularity in the context of construction projects that involve several industrialized building systems, which need to be integrated. It is important also to consider that, in many projects, industrialized building systems are combined with traditional construction technologies, and this should be considered in the adoption of the modularity concept. Moreover, some supply chain issues need to be tackled, considering that construction projects usually have temporary supply chains and that most industrialized building systems do not fit the category of modular supply chain members.
